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Abstract— A technique of decoupling dielectric stubs (DDS) is 
proposed for mutual coupling reduction of wideband, dual- 
polarized, and large-scale antenna arrays in this paper, where a 
low dielectric constant DDS is mounting on a dual-polarized and 
wideband antenna array seamlessly. The decoupling mechanism of 
the proposed DDS is qualitatively explained. By properly 
optimizing the dielectric constant and dimensions of the dielectric 
stubs, the DDS can reduce the mutual couplings between array 
elements efficiently. The dielectric stubs are considered as 
perturbations to slightly localize the electromagnetic fields 
radiated from the antenna element to lower the space wave 
coupling. The advantages of the proposed decoupling technique 
are wideband, low cost, high efficiency, and suitable for large-scale 
antenna arrays. For demonstration, 4 × 4 dual-polarized and 
wideband antenna arrays with and without the DDS are 
simulated, measured, and compared. The simulated results show 
that the antenna array with the DDS can achieve all port-to-port 
isolations over 25 dB from 4.4 to 5.0 GHz for all the coupling 
paths, which are 7 dB higher than the counterparts without the 
DDS. Moreover, the total efficiencies of the antenna elements with 
the proposed DDS are also improved. The measured results agree 
well with the simulated, verifying the effectiveness of the proposed 
method of DDS for decoupling of large-scale antenna arrays. 
 
Index Terms— Mutual coupling, broadband, dual-polarization, 
array antenna, massive MIMO, dielectric stub. 
 
I. INTRODUCTION 
ultiple-input multiple-output (MIMO) is served as an 
indispensable technology since it has been proved to 
significantly enhance spectrum efficiency and channel capacity 
[1]-[5]. Strong mutual coupling between MIMO antenna 
elements will degrade the MIMO performance. Typically, the 
isolation of 15-17 dB is already enough to satisfy the 
requirements of MIMO channel capacity or error rate [5]. 
Massive MIMO is well known as one of the key technologies for 
5G wireless communications. Massive MIMO can further 
increase the MIMO channel capacity by exploiting the 
directivity and beam steering of large-scale MIMO antenna 
arrays. The focused and steerable beam of a massive MIMO 
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antenna array allows it to accurately track individual users, 
which can be used in wireless communications between MIMO 
base station and vehicles as shown in Fig.1. to offer a better and 
reliable connection. Besides the MIMO performance, the 
mutual coupling in massive MIMO would also distort the active 
VSWR of the antenna elements in a large-scale antenna array 
and the efficiencies of the power amplifiers [5]. Moreover, the 
inter-element coupling also impacts the radiation patterns of the 
antenna elements in an array and the gain-loss at a large 
scanning angle. Therefore, isolation enhancement between 
massive MIMO array elements is highly desired, and the mutual 







Fig.1. Application scenario of wireless communications between MIMO base 
station and vehicles. 
 
   In general, mutual couplings between antenna elements 
happen in three different electromagnetic wave coupling paths: 
a). space wave coupling in free space; b). surface wave coupling 
within the substrate or in the interface of the substrate and free 
space; c). on-ground current coupling. Weakening part or all of 
the three coupling paths is the current strategies to reduce 
mutual couplings between antenna elements. In massive MIMO 
antenna arrays, the inter-element distance is typically slightly 
larger than 0.5λo, where the coupling path a) (space wave 
coupling) is the main challenge to realize over 25 dB isolation 
compared with paths b) and c). 
   The past decades have witnessed the developments of 
decoupling technologies. The defected ground structure (DGS) 
was usually etched on the metal ground to perform band-stop 
filtering characteristics to prevent the on-ground current 
couplings from one antenna element to the others for isolation 
enhancements [6]-[9]. However, the DGSs might increase the 
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back radiation, break the ground plane, and have narrow 
decoupling bandwidth, which is not suitable for decoupling 
large-scale antenna arrays in a wide band. The electromagnetic 
bandgap (EBG) structures are also widely used for isolation 
enhancement between antenna elements by applying the 
bandstop property to suppress the surface wave coupling. In 
[10], Yang et al., placed the square-shaped EBG structures 
between two antenna elements to block the surface wave 
coupling for isolation enhancement. It was also found the effect 
of decoupling is more remarkable with the increment of EBG 
structures. To this end, EBG structures are not suitable for 
closely packed antenna arrays since they require large areas to 
accommodate. Other structures like uniplanar compact EBG 
(UC-EBG), split-ring resonator (SRR), or modified SRR took 
the same decoupling mechanisms of EBG structures to reduce 
mutual couplings [11]-[13]. However, the EBG structures can 
effectively reduce the mutual couplings in a narrow band, which 
limits their applications. Neutralization line is another highly 
effective approach to decouple dual-element antenna systems 
[14]-[17]. By properly designing the neutralization line, it can 
introduce an extra coupling path to cancel the original space 
wave coupling paths. However, the decoupling mode of the 
neutralization line is not easy to excite, especially in a 
large-scale antenna array. 
    To reduce the mutual couplings of dual-polarized massive 
MIMO antenna arrays (4 × 4 or even larger), different 
techniques have recently been developed. Transmission-line- 
based decoupling networks have been introduced in [17], [18]. 
The transmission-line-based decoupling network in [17] can 
efficiently reduce coupling for a dual-polarized array but gives 
narrow decoupling bandwidth, high complexity, and a slightly 
total efficiency drop. The decoupling bandwidth has been 
significantly improved with transmission-line-based wave trap 
[18], [19]. However, this method is challenging to apply in 
dual-polarized arrays due to the high cross-polarization 
coupling. A decoupling ground (DG) was proposed in [20] to 
use the on-ground current coupling to cancel the space wave 
coupling, but the inter-element distance of the array is relatively 
large to obtain the isolation of 25 dB. Antenna-array decoupling 
surface (ADS) was recently proposed by Wu et al [21]. A 
surface with certain metal patterns is located above the antenna 
array to introduce additional reflected waves to cancel the space 
wave coupling in free space. The decoupling effects of ADS for 
large-scale and dual-polarized antennas have been improved 
with phase compensation as reported in [22]. The key for a good 
ADS is to optimize its reflection phases to make them cope with 
the phases of the direct couplings to achieve a significant 
coupling reduction. However, the design complexity of the ADS 
is quite high.   
In this paper, a simple methodology is proposed to reduce the 
mutual coupling of a dual-polarized and large-scale patch 
antenna array in a wide band. The technique is to simply mount 
decoupling dielectric stubs (DDS) that can be fabricated with 
3D printing technology on an antenna array seamlessly. By 
properly optimizing the dielectric constant and dimensions of 
the dielectric stub, significant mutual coupling reductions can 
be achieved in a wide band. The presence of the DDS serves as 
perturbations to slightly localize the electromagnetic fields 
radiated by one antenna element to weaken the electromagnetic 
wave coupling in free space or the interface of the substrate and 
free space. For demonstration, a 4 × 4 dual-polarized and 
wideband patch antenna array will be implemented with or 
without DDS. All results are experimentally verified to validate 
the effectiveness of the proposed decoupling methodology.  
   The organizations of the paper are as follows: Section Ⅱ 
qualitatively explains the decoupling mechanism of the DDS. 
The dual-polarized and wideband antenna element is presented 
in Section Ⅲ. For demonstration, a 4 × 4 dual-polarized 
decoupled antenna array enabled by the DDS is implemented 
and parameter studies are carried out in Section IV. The antenna 
fabrication, measurements, and discussion are given in Section 
V. Finally, conclusions are summarized in Section VI.  
 



















Fig. 2. The schematic diagram of the decoupling methodology. (a). Without the 
decoupling dielectric stubs (DDS). (b). With the decoupling dielectric stubs 
(DDS). 
II. DECOUPLING SCHEME 
   The schematic diagrams of an antenna array with and without 
the proposed DDS are presented in Fig. 2. The decoupling 
mechanism is qualitatively analyzed from the electromagnetic 
wave propagation viewpoint. For the antenna array shown in 
Fig. 2(a), the electromagnetic waves emitting from the antenna 
element will radiate to free space directly, where the space wave 
coupling happens between antenna elements. By contrast, the 
electromagnetic waves will be coupled to the dielectric stub 
first, and then radiate to free space for the proposed decoupling 
antenna array shown in Fig. 2(b). As is known, a dielectric 
material can offer better electromagnetic wave confinement 
capabilities than air since the permittivity of the dielectric 
material is higher than that of air. The confinement abilities can 
perturb the electromagnetic wave propagations, which can be 
properly employed to reduce the space wave coupling, thereby 
lowering the mutual couplings between antenna elements.  
   As the dielectric stub is mounting on the antenna element, the 
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3 
proposed decoupling scheme should be distinguished from a 
dielectric resonator antenna. The dielectric constant of a 
dielectric resonator is usually high (a typical value of 10.2) so 
that certain operating modes can be excited in the dielectric 
resonator. However, in the proposed decoupling scheme, the 
dielectric constant is not allowed to be high: On one hand, the 
dielectric stub should be avoided to be excited as a dielectric 
resonator. On the other hand, a low dielectric constant can 
minimize its impacts on the impedance match of the antenna 
element so that the dielectric stubs can mount on an antenna 
array directly for mutual coupling reductions without resizing 
the antenna element to tune its impedance match. 
Compared to the existing techniques for mutual coupling 
reductions, the proposed methodology is highlighted with the 
following features: 
a). Simple structure: only dielectric constant and dimensions 
of the dielectric stub need to be optimized to obtain good 
decoupling performance; 
b). Wide decoupling bandwidth: dielectric stubs work at its 
non-resonant status, so it is wideband; 
c). Easy fabrication: no air gap between the antenna array and 
the DDS, and DDS can be produced by 3D printing technology; 
d). Feasible for decoupling of dual-polarized and large-scale 
(N × N) antenna arrays with improved total efficiency. 
III. A DUAL-POLARIZED AND WIDEBAND ANTENNA ELEMENT 
   To achieve wideband mutual coupling reductions, a wideband 
antenna element is essential. Here, the stacking technology is 
adopted to enable a wideband antenna element [23]-[25]. Fig. 3 
presents the geometries of a dual-polarized (+/- 45-degree 
polarization) and wideband patch antenna element. To broaden 
the bandwidth of the patch antenna, a parasitic patch is stacked 
above a driven patch as shown in Fig. 3(a). All supporting 
substrates are Rogers RO4350B with a dielectric constant of 
3.65, a thickness of 1.524 mm, and a loss tangent of 0.0037. 
Bonding films made of Rogers RO4450F are sandwiched 
between supporting substrates to connect them tightly, which is 
characterized by a dielectric constant of 3.52, a thickness of 
0.202 mm, and a loss tangent of 0.0029. The dimensions of the 
patches are properly selected to make the antenna operate at the 
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                             (a)                                             (b) 
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Fig. 3. Geometries of the dual-polarized and wideband stacked patch antenna 
element. (a). Front view. (b). Side view. (c). Front view of the driven patch. (d). 
Front view of the parasitic patch. (a = 31 mm, l = 13.5 mm, l1 = 10.5 mm, lf = 
5.5 mm, d = 1.25 mm, ls = 2.5 mm, ws = 0. 7 mm) 
 









 |S11| with slot













 |S21| with slot
 |S21| w/o slot
 
 
Fig. 4. The simulated S-parameter of the dual-polarized and wideband stacked 
patch antenna with and without the slot. 
 
    For a dual-polarized antenna element, its isolation between 
the two orthogonal ports is also concerned to fulfill the 
requirements in MIMO wireless communication systems. 
Differential feeding technique is effective to achieve high 
isolation of the two orthogonal ports [26], but it suffers from a 
relatively bulky volume and a complicated configuration, which 
is not suitable for large-scale antenna arrays. Here, a slot is 
etched on the driven patch as shown in Fig. 3(c) to reduce the 
coupling of the orthogonal ports (ports 1 and 2) and the 
impedance match of the dual-polarized and wideband antenna 
element. The slot is characterized by a length of ls and width of 
ws. To verify the effectiveness of the slot, simulations are 
carried out with our available CST Microwave Studio Software. 
Fig. 3 compares the S-parameter of the proposed antenna 
element with and without the slot. As seen in Fig. 4, the coupling 
between ports 1 and 2 is significantly reduced and the reflection 
coefficient is better by etching a rectangular slot. 
IV. A DECOUPLED 4 × 4 DUAL-POLARIZED, WIDEBAND PATCH 
ANTENNA ARRAY 
A. Configuration of the proposed 4 × 4 dual-polarized and 
wideband antenna array with the proposed DDS 
   Using the proposed antenna element, a 4 × 4 dual-polarized 
and wideband antenna array with the proposed DDS is 
performed, dummy elements around the 4 × 4 antenna array are 
adopted to decrease the edge effects for the outer antenna 
elements as shown in Fig. 5, and also prove the feasibility for 
large-scale applications. The DDS is mounting on the antenna 
array seamlessly without an air gap between the antenna array 
and DDS as shown in Fig. 5 (c). On the other hand, a massive 
MIMO antenna array also requires the ability to beamforming at 
a large scan angle. A small inter-element distance can enlarge 
the scan angle and avoid the early appearance of the grating lobe 
at high frequency. Therefore, the inter-element distance is 
selected as 31 mm, corresponding to 0.485λ at 4.7 GHz. Each 
antenna port has been numbered to simplify the description as 
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shown in Fig. 5(a), where the red dot indicates the specific 
location of the antenna port. The black lines represent the 
polarizations that the corresponding antenna ports are 
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Fig. 5. Initial configurations of the 4 × 4 dual-polarized and wideband antenna 
array with the DDS. (a). Front view. (b). Perspective view. (c). Side view.  
 
   The proposed DDS can be characterized with the following 
metrics: shape, dielectric constant, height, and side length. 
Among them, dielectric constant, height, and side length of the 
dielectric stub play more important roles than its shape in terms 
of decoupling performance according to the decoupling 
mechanism described in Sec. II. We have performed some 
simulations to examine the decoupling performance of the 
dielectric stub with different specific shapes (e.g. cuboid, 
cylinder, ellipsoid), where dielectric constant, height and side 
length are kept the same. It has been observed that all dielectric 
stubs with different shapes can achieve mutual coupling 
reductions on different levels. Here, the cuboid dielectric stub 
with a height of dh and a side length of do is adopted to validate 
its decoupling performance as it is easiest to fabricate with 3D 
printing technology. The effects of dielectric constant, height, 
and side length of the dielectric stub on decoupling performance 
are studied and simulated with CST software. In the design of a 
large-scale decoupled antenna array, the mutual couplings 
between the central antenna element and the remaining antenna 
elements are usually first checked. Therefore, to simplify the 
comparison of the decoupling performance, the couplings 
between antenna port 6 (see Fig. 5 (a)) and the remaining 
antenna ports are compared under different parameters. 
B. Effects of the dielectric constant on decoupling performance 
The effects of the dielectric constant of DDS on decoupling 
performance are examined with the dimensions of the dielectric 
stub fixed. According to the qualitative analysis of the 
decoupling mechanism presented in Section Ⅱ, the dielectric 
constant of the dielectric stub cannot be high. In order to 
determine the dielectric constant of the dielectric stub, The 
S-parameters of the dual-polarized and wideband antenna array 
with the DDS are simulated and compared with different 
dielectric constants of 1.5, 2.0, 2.55, 3.0, 3.5, and 4.0. Here, S3,6, 
S6,6, S18,6, S22,6, S23,6, S26,6  are compared since the remaining 
mutual couplings are all below -25 dB from 4.4 to 5.0 GHz. As 
seen in Fig. 6, the mutual couplings are closely related to the 
dielectric constant of the DDS. A high dielectric constant 
negatively impacts the impedance match of the antenna element 
as expected, leading to a worse reflection coefficient (S6,6) as 
observed in Fig. 6(b). As seen in Figs. 6(c), (e), and (f), both a 
low and a high dielectric constant can cause the mutual 
couplings of |S18,6|, |S23,6|, and |S26,6| above -25 dB at some 
frequencies. When the dielectric constant is 2.55, the mutual 
couplings can achieve the best levels among other dielectric 
constants.    
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Fig.6. The simulated S-parameters of the dual-polarized and wideband antenna 
array with different relative permittivity. (a). |S3,6|. (b). |S6,6|. (c). |S18,6|. (d). 
|S22,6|. (e). |S23,6|. (f). |S26,6|.      
 
The dielectric constant of 2.55 is in line with that of dielectric 
material for 3D printing. As is known to all, 3D printing 
technology has become popular in printing dielectric material as 
it is easy and cheap. In our lab, two available materials are 
widely used in 3D printing: one is Polylactide (PLA) with a 
dielectric constant of 2.65, and the other is Acrylonitrile 
Butadiene Styrene (ABS) with a dielectric constant of 2.55. 
Here, we choose the ABS material to perform the dielectric 
stubs, the loss tangent of the ABS material at the millimeter- 
wave band is around 0.01. It should be mentioned here that 
other materials with a similar dielectric constant can also be 
chosen to implement the dielectric stubs.  
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To further shorten the range of the dielectric constant, a 
square void is drilled in the center of dielectric stubs to lower its 
effective dielectric constant since the solid volume of the 
dielectric stub is reduced, as illustrated in Fig. 7. The side length 
of the square void is initially set as 5 mm. The S-parameters are 
simulated with and without the square void. Only the mutual 
couplings of S7,6, S11,6, S26,6 are compared. As seen in Fig. 8, the 
presence of the square void can further reduce the mutual 
couplings. The coupling of S7,6 is significantly improved from 






Perspective view Front view Side view  
 
Fig. 7. The updated configuration of the 4 × 4 dual-polarized and wideband 
patch antenna array with the DDS, where square voids are drilled on the 
dielectric stubs.  
 






 |S7,6| with square void
 |S11,6| with square void
 |S26,6| with square void
Frequency (GHz)
 |S7,6| w/o square void
 |S11,6| w/o square void


















Fig.8. The simulated mutual couplings of the dielectric stub with and without 
the square void. 
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Fig. 9. The simulated mutual couplings of the dual-polarized and wideband 
antenna array with different values of di. (a). |S18,6|. (b). |S21,6|. (c). |S22,6|.  (d). 
|S23,6|.  (e). |S26,6|. (f). |S6,6|. 
 
   The effects of the side length (di) of the square void on 
decoupling performance are also checked. The S-parameters are 
simulated and compared with different values of di. As seen 
from Fig. 9, the bandwidth of reflection coefficient of port 6 
(S6,6) is becoming narrow and the orthogonal mutual coupling 
(S22,6) is getting worse with the increment of di. A large di 
equivalently means a low effective dielectric constant of the 
dielectric stub. The bandwidths of mutual couplings of S18,6, 
S21,6, S23,6, S26,6 below -25 dB are also reduced with the 
increment of di. The results shown in Fig. 9 are also consistent 
with those from Fig. 6. 
C. Effects of the side length on decoupling performance 
   The effects of the side length (do) of the dielectric stub on 
decoupling performance are studied. As seen in Fig. 10, the 
reflection coefficient of antenna port 6 can be maintained with 
different values of do. Only the mutual couplings of S11,6, S18,6, 
S21,6, and S26,6 are compared as the remaining mutual couplings 
are all below -25 dB. As seen in Fig. 10, it is observed that 
mutual couplings of S11,6, S18,6, S21,6, and S26,6 are becoming 
worse with the increment of do. However, a smaller do increases 
the mutual couplings at the low-frequency band on different 
levels.  
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Fig. 10. The simulated mutual couplings of the dual-polarized and wideband 
antenna array with different values of do. (a). |S11,6|. (b). |S18,6|. (c). |S21,6|.  (d). 
|S26,6|.  (e). |S6,6|. 
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Fig. 11. The simulated mutual couplings of the dual-polarized and wideband 
antenna array with different values of dh. (a). |S5,6|. (b). |S7,6|. (c). |S18,6|.  (d). 
|S26,6|.  (e). |S6,6|. 
D. Effects of the height on decoupling performance 
   The height (dh) of the dielectric sub is varied to check its 
impact on the decoupling performance. The S-parameters are 
simulated with different values of dh. Only the mutual couplings 
of S5,6, S7,6, S18,6, and S26,6 are compared as the remaining mutual 
couplings are all below -25 dB. As seen in Fig. 11, the mutual 
couplings of S5,6, S7,6, S18,6, and S26,6 are becoming worse with 
the increment of dh. A smaller dh increases the mutual couplings 
of S18,6 and S26,6 at the low-frequency band on different levels. 
From Fig. 11(e), it can be observed that the reflection 
coefficient of antenna port 6 can still be maintained with 
different values of dh. The effects of dh on the realized gain, total 
efficiency, and radiation patterns are also examined from 
simulations. It is found that dh has negligible impacts on the 
realized gain, total efficiency, and radiation patterns of the 
antenna element. 
E. Comparison of the decoupling performance 
   The S-parameters of the dual-polarized and wideband antenna 
array are simulated with and without the DDS to check the 
effective decoupling performance of the proposed DDS. The 
dimensions of the dielectric stub are selected as: do = 27mm, dh 
= 23mm, di = 5mm. Without loss of generality, the mutual 
couplings of antenna port 1, 17, 6, and 22 in the array with the 
remaining antenna ports are compared, where the mutual 
couplings of center and edge antenna ports with the remaining 
antenna ports in dual-polarization are all considered.  
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Fig. 12. Comparison of the simulated S-parameters of the dual-polarized and 
wideband antenna array with and without the DDS. (a). Reflection coefficients 
of antenna port 1, 17, 6, 22. (b). The mutual coupling envelops of antenna port 
1, 6, 17, 22 with and without the DDS. Mutual couplings: (c).  between 1 and 5, 
6, 9; (d). between 1 and 17, 18, 19, 23; (e). between 17 and 2, 3, 7; (f). between 
17 and 21, 22, 23; (g). between 6 and 2, 3, 9, 10; (h). between 6 and 11, 21, 22, 
23; (i). between 22 and 5, 7, 17, 18; (j). between 22 and 19, 25, 26, 27.  
 
   As seen in Fig. 12 (a), the reflection coefficients of antenna 
port 1, 6, 17, 22 are not affected by the DDS, the operating 
bandwidth can still be maintained. The mutual coupling 
envelops of antenna port 1, 6, 17, 22 that consider all mutual 
coupling paths are plotted in Fig. 12 (b), where significant 
mutual coupling reduction is observed. In Figs. 12(c)-(j), the 
mutual coupling of above -25 dB for the antenna array without 
DDS is plotted and compared with the one with DDS. For the 
adjacent antenna port 1 and 5 that have the same polarization, 
the mutual coupling of S51 can be reduced from -18 to -27.5 dB. 
For the diagonally adjacent antenna ports 1 and 6 having the 
same polarization, the mutual coupling of S61 can be reduced 
from -20 to -25 dB. For the adjacent antenna ports 1 and 18 that 
have orthogonal polarizations, the mutual coupling can be 
reduced from -17.5 to -26 dB. For the antenna port 6 with its 
(diagonally) adjacent antenna port 2, 3, 9, 10, 11 that possess 
the same polarization, the mutual couplings of S2,6, S3,6, S9,6, 
S10,6, S11,6, are reduced to below -25 dB.  For antenna port 6 with 
its adjacent antenna ports 21 and 23 that have orthogonal 
polarizations, the mutual coupling of S21,6, S23,6 can be reduced 
to below -25 dB. 
   To further find out the effectiveness and mechanism of the 
coupling reduction, the current distributions on antenna 
elements and E-field distributions in the planes of x = 15.5 mm 
and y = -15.5 mm are plotted at 4.5 GHz when antenna port 6 is 
excited with the remaining ported terminated with matching 
loads. As seen in Figs. 13 (a) and (b), the current density on 
antenna elements with the proposed DDS is much weaker than 
that without DDS, which sufficiently proves the decoupling 
performance of the proposed DDS. From the E-field density 
shown in Figs. 13 (c)-(f), it is observed that the dielectric stub 
can indeed slightly confine the electromagnetic fields radiating 
from the antenna element that is excited by antenna port 6. 
Specifically speaking, the E-field received by antenna port 21 
from port 6 without the DDS is stronger than that with the 
proposed DDS on the plane of y = -15.5 mm at the same zone, 
while the E-fields that antenna ports 2 and 10 received from the 
antenna port 6 are stronger than the counterparts with the 
proposed DDS on the plane of x = 15.5 mm at the same zone, 
revealing significant mutual coupling reductions. The E-field 
densities are highly consistent with the mutual coupling of S21,6, 
S2,6, S10,6 plotted in Figs. 12 (g) and (h).   
      
 







































                                                      (f) 
Fig. 13. Simulated current and E-field densities on the antenna arrays when 
antenna element 6 is excited at 4.5 GHz. Current density: (a). Without the DDS, 
and (b). With the DDS. E-field density: (c). Without the DDS at y = -15.5 mm, 
(d). With the DDS at y = -15.5 mm, (e). Without the DDS at x = 15.5 mm, and 
(f). With the DDS at x = 15.5 mm. 
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   From the current and E-field distributions, it can be observed 
that the presence of the proposed DDS does not change the 
operating modes of the antenna array as they have very similar 
current modes. The dielectric stubs are not excited as the 
dielectric resonators by the antenna element either.  
   Based on the analysis above, the design procedures of the 
DDS for the decoupling of a dual-polarized and wideband 
antenna array are summarized as follows: 
a). design a dual-polarized and wideband antenna element, 
where dipole antenna or stacked patch antenna is recommended; 
b). select a dielectric material with a recommended dielectric 
constant of around 2.5; 
c). optimize the dimensions of the dielectric stub: the height is 
around 0.3λ to 0.4λ, and the side length is from 0.3λ to 0.5λ. The 
dimensions of the dielectric stub can be optimized to achieve the 
desired results; it should be pointed out here the specific shape 
of the dielectric stub is not unique, the dielectric stub with 
cylinder, cone, etc., can also achieve decoupling performance 
on different levels;  
V. MEASUREMENT AND DISCUSSIONS 
   In order to validate the effectiveness of the proposed 
decoupling technique, the antenna arrays with and without DDS 
have been fabricated and measured. The antenna arrays are 
produced with multilayer PCB technology. The proposed DDS 
is printed with our available 3D printer. The photographs of the 
prototypes are shown in Fig. 14. To attach the DDS on the 
antenna array firmly, thin cross-shaped dielectric strips and 
dielectric square ring [as shown in Fig. 14(b)] are printed as well 
to connect dielectric stubs. Some air holes are drilled on the 
dielectric strips to align and connect with the antenna array. It 
should be mentioned here that the thin cross-shaped dielectric 
strips do not affect the decoupling performance of the DDS. 
 









Fig. 14. Photographs of the proposed dual-polarized and wideband antenna 
arrays. (a). Without the DDS. (b). With the DDS. 
 
A. S-Parameters. 
   The S-parameters of the proposed dual-polarized and 
wideband antenna array with and without the DDS are measured 
and compared. It should be noted that when the mutual coupling 
of two antenna ports is under test, the other antenna ports are all 
terminated with matching loads. Here, we select the antenna 
port of 7, 23, 16, 32 (see Fig. 5 (a)) that are located at the center 
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Fig. 15. Measured and simulated S-parameters of the dual-polarized and 
wideband antenna array with and without the DDS. (a). |S7,7|, |S16,16|, |S23,23|, 
|S32,32|. (b). |S2,7|, |S4,7|, |S9,7|, |S10,7|, |S11,7|. (c). |S12,7|, |S19,7|, |S22,7|, |S23,7|, |S24,7|. 
(d). |S12,32|, |S14,32|, |S15,32|, |S16,32|, |S22,32|. (e). |S23,32|, |S26,32|, |S27,32|, |S28,32|. (f). 
Measured and simulated mutual coupling envelops of antenna elements 7 and 
32. 
  
    As seen in Fig. 15 (a), the measured reflection coefficients of 
antenna port 7, 23, 16, 32 are very close to each other. It also is 
observed that the presence of the DDS does not affect the 
reflection coefficients of antenna elements. For mutual coupling 
comparisons, only S2,7, S4,7, S9,7, S10,7, S11,7, S12,7, S19,7, S22,7, 
S23,7, S24,7, S12,32, S14,32, S15,32, S16,32, S22,32, S23,32, S26,32, S27,32, 
S28,32 are measured and compared since the remaining mutual 
coupling are all below -25 dB. As can be seen in Figs. 15 (b) and 
(c), for the center antenna element, the mutual coupling of S10,7 
that refers to the diagonal antenna port 7 and 10 having the same 
polarization is reduced from -18 to -25 dB; the mutual couplings 
of S22,7 that are adjacent antenna port 7 and 22 having the 
orthogonal polarizations is reduced from -20 to -25 dB. For the 
edge antenna element, as seen in Figs. 15 (d) and (e), the mutual 
coupling of S15,32 that are adjacent antenna port 15 and 32 
having the orthogonal polarization is reduced from -17.5 to -25 
dB, the mutual coupling of S27,32 that refers to the diagonal 
antenna port 27 and 32 having the same polarization can be 
reduced from -18 to -25 dB, the mutual coupling of S28,32 that 
are adjacent antenna port 32 and 28 having the same 
polarization can be reduced from -21 to -25 dB. 
   Figs. 15 (b)-(e) demonstrate that the mutual couplings can be 
reduced to -25 dB from 4.4 to 5.0 GHz, which indicates that the 
proposed dual-polarized and wideband antenna array with the 
DDS can achieve all mutual couplings below -25 dB in both co- 
and cross-polarization. Fig. 15 (f) compares the measured and 
simulated mutual coupling envelops (that include the worst 
coupling from all the curves/paths) of antenna ports 7 and 32. It 
is observed that the simulated and measured results are 
consistent, the measured mutual coupling envelop is below -25 
dB from 4.4 to 5.0 GHz. 
B. Radiation patterns, realized gains, and total efficiencies 
   The radiation patterns, realized gains, and total efficiencies of 
the dual-polarized and wideband antenna array with and without 
the DDS have been measured and compared when antenna port 
7, 23, 6, 22, 16, 23 is excited respectively in our anechoic 
chamber, where the antenna element with ports 7 and 23 is 
adjacent to the antenna element with ports 6 and 22. It should be 
mentioned here when one antenna port is excited the remaining 
antenna ports are terminated with the matching loads. 
   Fig. 15 compares the measured normalized radiation patterns 
of the dual-polarized and wideband antenna array with and 
without the DDS at 4.5 GHz. As seen in Fig. 16, the measured 
co-polarizations (co-pol) have great agreements from -60 and 
+60 degrees in both horizontal and vertical planes, which 
indicates the presence of the DDS would not significantly affect 
the radiation patterns of the antenna element. Besides, it is also 
observed that the radiation patterns are stable from -60 to +60 
degrees when antenna port 7, 23, 6, 22, 16, 32 are excited 
respectively. The measured cross-polarization (cro-pol) levels 
are better than -8.0 dB from -60 to 60 degrees in both horizontal 
and vertical planes, especially better than -10 dB at broadside 
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Fig. 16. Measured normalized radiation patterns of the dual-polarized and 
wideband antenna array with and without the DDS. (a). Horizontal plane with 
antenna port 7 excited. (b). Vertical plane with antenna port 7 excited. (c). 
Horizontal plane with antenna port 23 excited. (d). vertical plane with antenna 
port 23 excited. (e). vertical plane with antenna port 6 excited. (f). vertical plane 
with antenna port 6 excited. (g). vertical plane with antenna port 22 excited. (h). 
vertical plane with antenna port 22 excited. (i). vertical plane with antenna port 
16 excited. (j). vertical plane with antenna port 16 excited. (k). vertical plane 
with antenna port 32 excited. (l). vertical plane with antenna port 32 excited. 
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Fig. 17. Measured and simulated realized gains of antenna elements with the 
DDS. (a). Antenna port 7. (b). Antenna port 23. (c). Antenna port 6. (d). 
Antenna port 22.  (e). Antenna port 16. (f). Antenna port 32. (g). Simulated 
realized gains when antenna port 1, 17, 5, 21 is excited respectively. (h). 
Simulated realized gains when antenna port 10, 26, 11, 27 is excited 
respectively. 
 
   The realized gains of the dual-polarized and wideband 
antenna array with the DDS are measured and compared with 
the simulated results when antenna port 7, 23, 6, 22, 16, 32 are 
excited respectively. As seen in Fig. 17, the measured realized 
gains range from 3.5 to 6.2 dBi from 4.4 to 5.0 GHz. The 
measured and simulated results are close to each other with a 
gain difference of less than 0.7 dB. We also provide the 
simulated realized gain with frequencies when antenna port 1, 
17, 5, 21, 10, 26, 11, 27 is excited respectively as shown in Figs. 
17 (g) and (h). The total efficiencies of antenna elements from 
the proposed antenna array with and without the DDS are 
measured and compared. As seen in Fig. 18, the simulated total 
efficiencies with the presence of the DDS are higher than the 
counterparts without the DDS when antenna port 7, 23, 6, 22, 
16, 32 is excited respectively, which is one of the advantages of 
the proposed DDS method. The measured results are also 
plotted in Fig. 18 for comparison, which aligns very well with 
the simulated results. The higher total efficiencies might be 
explained by the electric field distributions shown in Fig. 13. 
The DDS can slightly localize the electromagnetic fields, 
reducing the loss introduced by the electromagnetic wave 
propagation on the surface of the antenna array. 
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Fig. 18. Measured and simulated total efficiencies of the antenna elements. (a). 
Antenna element 7. (b). Antenna element 23. (c). Antenna element 6. (d). 
Antenna element 22. (e). Antenna element 16. (f). Antenna element 32. 
 
C. Performance comparisons with the previous state-of-the-art 
work. 
   The performance of the proposed DDS for the decoupling of a 
dual-polarized and wideband antenna array is compared with 
other related and state-of-the-art work.  
   As seen in Tab. І, the proposed DDS can achieve below -25 
dB mutual couplings for antenna elements with the smallest 
inter-element distance in the lowest complexity configuration. 
The bandwidth of the proposed antenna array with the mutual 
coupling below -25 dB is 12.8%, which is much wider than the 
results in [17], [20], and is comparable with the bandwidth in 
[21] and [22]. Since the height of the dielectric stub is closely 
related to the decoupling performance of the proposed DDS, the 
profile of the proposed decoupling method is indeed higher than 
that in [17] and [20], but is comparable with the height in [21], 
[22] that an air separation between the ADS and the metal 
ground is needed. Compared to the technique of ADS, the 
proposed DDS can mount on the antenna array without any air 
gap, which simplifies and facilitates the assembling of the entire 
antenna. As the gains of antenna elements are closely associated 
with their specific structures, they are different from each other. 
The gain of the antenna element with the proposed DDS is 
comparable with the results in [17], [22], but is smaller than that 
in [20], [21]. The total efficiencies of the antenna elements in 
the proposed decoupling method are slightly smaller than those 
in [20], which is mainly attributed to the specific structure of the 
antenna element. But the total efficiencies of antenna elements 
in the antenna array have been improved by around 10% after 
adding the proposed DDS, which is a remarkable highlight 
compared with [17], [20]-[22]. 
   Regarding the cross-polarization levels, the measured cross- 
polarizations of multiple antenna elements have been presented 
in our and the referred work. Here, the worst cross-polarization 
level in both horizontal and vertical planes from -60 to +60 
degrees is compared, where a comparable cross-polarization 
level is observed among the proposed decoupling method and 
other work. The slightly higher cross-polarization is closely 
associated with< the specific structure of the antenna element 
but has nothing to do with the proposed DDS. In our proposed 
antenna element [as shown in Fig. 3], a rectangular slot is etched 
on the patch to improve the isolation of the two orthogonal ports 
(e.g. port i and i + 16) but it strengthens the cross-polarization 
level. 
 
Tab. І. Performance comparison of the proposed design with other related work. 
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   This paper introduced a simple and effective methodology for 
the decoupling of a dual-polarized, wideband, and large-scale 
antenna array by mounting a DDS on the array. The presence of 
DDS is considered as electromagnetic perturbations to slightly 
localize the electromagnetic field radiating from the antenna 
element to suppress the inter-element mutual coupling. The 
dielectric constant of the DDS is preferred to be low to obtain 
optimal decoupling performance and small impact on array 
element impedance match. The DDS can achieve good isolation 
by optimizing its dimensions. A 4 × 4 dual-polarized and 
wideband antenna array with the proposed DDS has been 
designed, fabricated, and measured for demonstration. The 
results uncover that the proposed DDS can achieve mutual 
couplings of below -25 dB from 4.4 to 5.0 GHz in both co- and 
cross-polarization without significantly changing antenna 
radiation patterns. Furthermore, the total efficiencies of antenna 
elements are also improved. 
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